In this paper, we analyze the behavior of a multiple element antenna system in an indoor environment based on the measurements taken in the Lucent Bell Labs building in Crawford Hill, NJ, with a system of 12 transmitters and 15 receivers. In particular, we investigate the capacity behavior with respect to the polarization of the transmitting/receiving elements and the distance between the transmitting and the receiving arrays.
I. INTRODUCTION AND MOTIVATION

I
N RECENT YEARS, a lot of attention has been drawn to systems with multiple element transmitter and receiver arrays, because they can achieve very high spectral efficiencies [1] . This is particularly significant for wireless applications that are power, bandwidth, and complexity limited.
Assume a system with transmitters and receivers. Each transmitter sends an independent data stream of power , so that the total transmitted power is . Let , be the transmitted and the received signal vectors, respectively. In the case of a flat-fading channel (no variation with frequency), the channel gain from transmitter to receiver is a scalar quantity, denoted . The transmitted and received signals are related by the equation . The matrix (channel transfer matrix) incorporates the channel transfer gains from each transmitter to each receiver.
is the receiver noise vector. It is assumed that the noise at the receivers is Gaussian, of equal power , and its components are independent of each other, so that the noise auto-correlation matrix is ( : identity matrix). The generalized Shannon capacity for this channel is given by the formula (1) where is the Hermitian (complex conjugate transpose) of the matrix .
All the signals used in our formulation are discrete-time complex baseband, so the vectors , , and the elements of the channel transfer matrix are complex. It is assumed that perfect down conversion, filtering, and sampling have been performed.
The capacity of (1) is the maximum data rate that can be achieved over this channel under the previous assumptions. Complexity (coding, detection) and constellation size constraints limit the data rates that can be attained with a real-life system. However, several techniques that require advanced signal processing at the receiver have been developed and have been demonstrated to achieve a hefty portion of the theoretically achievable capacity [2] .
The initial theoretical studies assume certain statistical properties for the entries of the channel transfer matrix . A common assumption is that of independent Gaussian distributed elements, as in the case of a rich scattering scenario, which results in a channel capacity that scales linearly with the number of transmitting/receiving elements. On a more practical level, the actual channel has to be measured. This paper describes the measurements that were taken in the Lucent Bell Labs building in Crawford Hill, NJ, with a system of 12 transmitters and 15 receivers. The goal of the measurement campaign was to study the dependence of the channel capacity on the distance between the transmitter and the receiver arrays in two different environments (under strong/weak line-of-sight (LOS) conditions in the hallway/in the labs, respectively).
The results for the entire system have been presented in [4] . They describe the behavior of the system as a whole and do not study the performance dependence on polarization. However, it is known that the different electric field polarizations have different propagation characteristics [3] .
Moreover, the study of the 12 15 system capacity showed that the system capacity does not scale linearly with the number of elements, as one would have expected in a rich scattering environment. This indicates that the signals are highly correlated. Indeed, in the hallway, the strong LOS component and the narrow angular spread increase the signal correlation and limit the effective rank of the channel transfer matrix, so that the ideal capacities cannot be achieved. The experience of diversity systems has shown that wider element spacing results in higher signal decorrelation, which would increase the channel capacity. The question is how much the performance improves given higher interelement separation (lower correlation).
Finally, the measurements were taken with a system of 12 transmitters and 15 receivers. Each one of the elements included an antenna and a radio chain and the signals to all the transmitters and from all the receivers were processed in two independent signal-processing units. A system of such dimensions and complexity is not practical for real-life commercial applications because of the limitations inherent in a wireless system. The hardware cost (mainly in the radio chain), the volume of the device (proportional to the number of antennas used and the wavelength), and power consumption (in the form of transmitted power or for the signal processing) suggest that a lower number of elements should be used.
For those reasons (polarization effect on propagation characteristics, diversity benefit of wider spacing, and cost efficiency), we study the performance of 4 4 single/hybrid polarization multiple antenna systems. This paper is organized as follows. Section II describes the measurement equipment and the measurement process. Section III describes the power rolloff in both environments. Section IV introduces the subsystems that we will study. Section V analyzes the capacity dependence on distance and polarization under the assumption of constant transmitted power and Section VI shows the system capacity behavior for a reference signal-to-noise ratio (SNR). Section VII contains the conclusions of our analysis.
II. MEASUREMENT PROCESS
The purpose of the experiment was to study the dependence of the channel transfer matrix on the distance from the transmitter, the orientation of the receiver, and the propagation environment (hallway versus labs).
A. Description of the Measuring Equipment
The measurements were taken with two antenna arrays: the transmitter array comprised 12 elements arranged on the sides of a square and the receiver array comprised 15 elements arranged in a grid. Adjacent antennas were separated by 8 cm and the elements on both sides were arranged with alternate polarizations. Fig. 1 shows the transmitter and the receiver array as seen from the front. stands for vertically (horizontally) polarized elements.
The two arrays were placed at a height of 2 m. The antennas were folded cavity backed slot elements mounted on 2 2 panels. This type of antenna is not omni-directional, but its gain pattern is close to a hemisphere. The operating frequency was 1.95 GHz. The system bandwidth was 30 kHz, the filters were raised cosine filters with a bandwidth expansion factor of 0.23, which meant that the symbol rate was 24.3 ksymbols/s. The constellation size used was four quaternary phase-shift keying (QPSK). A cable connecting the two arrays provided synchronization between the transmitter and the receiver.
B. Measurement Location
The measurement campaign was conducted in the Lucent Bell Labs building in Crawford Hill, NJ. This is a two-story building that houses approximately 150 people and is built on the side of a hill. On the front side there is a parking area and on the back side of the building, at a distance of approximately 100 ft, there is the hill slope.
The outside walls of the building are largely glass, whereas the inside walls are made of wood and wallboard. The ceilings and the floors are made of reinforced concrete over steel plates. The measurements were taken on the second floor of the building, in the main corridor, and in the adjacent labs. The main corridor is a straight hallway, 390 ft long, 6 ft wide, and 10 ft high. The hallway is lined with offices (typically 10 ft 10 ft) on one side and laboratories (typically 12 ft 24 ft) on the other. The offices face the parking lot and the labs face the side of the hill. There is a second corridor that intersects the first one in a T shape. The second corridor is also lined with rooms, but no measurements were taken in that environment. The labs measurements were taken in the laboratories adjacent to the primary hallway. A rough layout of the building is shown in Fig. 2 . In reality, the building extends on both sides.
For all our measurements the transmitter was placed 82.5 ft from one end of the hallway (0 direction) and 2 ft from the northern wall of the hallway (90 direction), facing west (180 direction). This point is the origin (0,0) of our axis system. The receiver was wheeled to the desired position for each measurement and data were collected.
In the hallway, the receiver was wheeled to the desired position at distances between 3 ft and 246 ft from the transmitter at 3 ft intervals. Wherever possible, the receiver was placed at the same distance from the hallway walls as the transmitter. When this was not possible, the maximal receiver displacement was 1 ft from the nominal location. A total of 82 locations were measured in the corridor.
In the labs, the receiver was again wheeled to the desired position, which was 8 ft north, perpendicular to the 0 -180 line in the hall defined by the transmitter. Measurements were taken in 11 labs.
Along the hallway, measurements were taken with the receiver facing toward the transmitter (0 orientation). In the labs, measurements were taken for all four orientations (0 , 90 , 180 , and 270 ).
C. Description of the Measuring Process
The prototype used for the measurement campaign processes data in bursts. Each burst consists of 100 symbols. Out of these, the 20 first symbols are training symbols and are used for the measurement of the channel transfer matrix. This is performed with orthogonal training sequences as described in [6] : during the training phase each antenna transmits a row of a 12 20 Fourier matrix (orthogonal rows), appropriately scaled to the transmit power. At the receiver side, the channel estimation is performed by applying the pseudo inverse of the transmitted training matrix to the received training matrix. The last 80 symbols of each burst are data symbols that are decoded using the Bell Labs Layered Space-Time (BLAST) algorithm [2] . These 80 data symbols are not used in this analysis. We are interested in the channel characteristics so we concentrate on the recorded channel transfer matrices.
The transmit power during the signal measurements was set to 9.2 dBm for most locations, except for the measurement points in the hallway at distances 3 ft to 18 ft. The close locations require lower transmit power to prevent receiver saturation. The results that we present have been compensated for the lower transmitted power at the small distances.
At each measurement location, about 100 bursts (100 temporal samples of the channel transfer matrix ) were recorded in order to average over the small scale temporal variation (doors opening and closing, people walking through the hallway, or in the labs, etc). Also, the average SNR at all locations was at least 15 dB. This was done in order to guarantee the accuracy of the capacity calculation [7] .
D. Capacity Calculation
Previous measurements in the same environment have shown that the maximum delay spread is less than 0.8 s [5] . The symbol time was 41 s. So and the narrowband assumption holds.
Following the analysis of Section I, we define the average channel gain as (2) We can define the normalized channel transfer matrix as (3) and the average SNR as (4) Similarly to the Shannon formula for the single transmitter/single receiver case, the channel capacity can be expressed in terms of the average SNR as (5) Therefore, for a given channel transfer matrix , the capacity of the channel can be calculated for any arbitrary reference SNR by using the normalized channel transfer matrix
For a given reference SNR and system size, the channel capacity is maximized when the matrix is unitary. In practice, the channel transfer matrix is not unitary and the statistics of its elements depend on the propagation environment.We present the results for the capacity of the measured channel in the two environments. This capacity is calculated based on the recorded channel transfer matrix using (1) and (6) and is, therefore, the calculated capacity of the measured channel. More specifically we show the two following quantities.
a) The capacity of the measured channel for a reference noise level as per (1) (we select 97.5 dBm, which is close to the actual noise level during the measurements). This quantity shows how the change in both the average signal power and channel characteristics affects the channel capacity. b) The capacity for the reference SNR ( 20 dB) as per (6) . This quantity isolates the effect of the signal power rolloff with distance and concentrates on the effect of the channel change. An alternative way to think of this approach is in terms of power control: at every measurement point, the transmitted power is set to such a value that the average received SNR is 20 dB.
III. POWER DEPENDENCE ON POLARIZATION AND DISTANCE
We study how power couples between transmitters and receivers of the same polarization and between cross-polarized elements.
The sets of vertically and horizontally polarized elements on each end of the communications link are defined as ( : vertical, : horizontal):
polarized transmitters polarized transmitters polarized receivers polarized receivers
In this case, the average received power for each polarization combination is defined as
The study of the 12 15 system [4] showed that the power rolloff law is different in the hallway from what it is in the labs. For this reason, we study these two environments separately. The fact that the antennas are not colocated offers some spatial averaging over the vertical spatial cross section of the environment. Fig. 3 shows the average received power in the hallway versus distance for the different polarization combinations. We have also performed a least-squares fit to the measurement curves for functions of the form and ( being the distance from the transmitter array). The dashed lines represent the and the dotted lines represent the fits. The power for horizontally polarized transmitter-receiver pairs falls off faster with distance than for vertically polarized transmitter-receiver pairs. This is more clearly seen in the fitted curves and has been extensively analyzed in [8] : it is due to the different reflection coefficients for the different polarizations. The floor and the ceiling can be represented by a high dielectric constant or as conducting materials, in which case the reflection for both polarizations is high. The walls are better approximated as dielectric materials. The waves that have polarization parallel to the walls (horizontally polarized) undergo a Brewster angle phenomenon and penetrate the walls without any reflection at all. At angles near the Brewster angle the reflection is not zero but greatly reduced. No such effects are present for the vertical polarization (perpendicular with respect to the walls). Table I shows the reflection coefficient as a function of the polarization of the incident wave and the properties of the reflecting surface, assuming that the permittivity constant of the material in the hallway is that of free space.
A. Power Versus Distance in the Hallway
Power for cross-polarized transmitter-receiver pairs falls in similar ways for both polarizations. Cross-polarization coupling is about 15 dB, which is consistent with previous measurements in the same environment [10] .
The functions and to which the measured data have been fitted correspond to different power decay laws. The values of the parameters , and the corresponding errors ( and ) in the curve fitting are shown in the Table II . We observe that the power rolloff is better approximated by a law of the form , which relates to distributed losses in one dimensional propagation as in the environment of a lossy waveguide. What we graphically observed for the faster rolloff of the horizontal to horizontal combination compared with the vertical to vertical combination is verified by the curve-fitting parameters. We also noticed graphically that power rolls off in similar fashions for the cross-polarized pairs and this again is verified by the curve-fitting parameters. Fig. 4 shows the average received power in the labs versus the distance from the transmitter. The added parameter is the antenna orientation. As a reference the hallway measurements are also shown.
B. Power Versus Distance in the Labs
The labs curves are not as smooth as the hallway curves. This is due to the limited number of labs measurements (11 locations), relative to hallway measurements (82 locations), and the greater separation of the measurement locations. Moreover, the power behavior is not smoothly decreasing with distance. For example, power seems to be higher around 140 ft than around 120 ft. This is due to the standard deviation of indoor power measurements.
There is a loss of at least 15 dB relative to the 0 orientation at short distances in the hallway and the difference between the hallway and the lab curves increases with antenna separation.
We cannot infer that one or the other polarization combination rolls off significantly faster with distance. In contrast to the hallway measurements, the coupling between the two polarizations is much more significant in the labs because of scattering from indoor clutter and oblique reflections from the walls. Moreover, the cross-polarization coupling is in the order of 0 dB.
For a given polarization combination, all antenna orientations in the labs have similar behaviors. The orientation that achieves the lowest received power is the 90 one, because the receivers pointing toward the glass windows mainly pick up power that has been reflected off the hill in the back of the building and has been significantly attenuated.
The fact that there is high cross-polarization coupling and that the average received power is independent of the receiver orientation supports the claim that there are rays arriving from all directions.
As with the hallway measurements, we have performed leastsquares fits to the measured data with functions of the form and . Table III summarizes the resulting curve-fitting parameters and and the associated errors and . It is clear that a function of the form is a better fit to the measurements. The average value of the parameter of the exponential rolloff is 2.64.
In general, we can classify the signal paths into the labs into two broad categories: 1) down the hallway and through the door; 2) through the walls. At the short distances, both kinds of signal paths into the labs suffer similar attenuation and are, therefore, of comparable strengths. At larger distances the dominant propagation path to the labs is down the hallway and through the door. The power rolloff law in the hallway determines the power rolloff for the first part of the path.
To these paths local scattering in the labs (due to furniture, cabinets, shelves, partitions, walls, etc.) is superimposed. The existence of such reflecting surfaces in the lab environment as well as the fact that the power measurements are similar for all antenna orientations indicate that indeed in the labs signals reach the receivers with a uniform angle of arrival. The compound effect is experimentally shown to be better approximated as a function of distance from the transmitter.
IV. SUBSYSTEM SELECTION
We study the transmitter and receiver arrays of Fig. 1 . For reasons of fairness and symmetry, we concentrate on the 12 receivers on the edges of the receiver array. They maximize the inter-element separation for their subsystems and are symmetrical for both polarizations.
We look at the following 4 4 single polarization subsystems that maximize the vertical and horizontal separation, respectively:
• Vertical polarization: and .
• Horizontal polarization: and . We compare these to the 4 4 subsystem that comprises the corner antennas of both squares:
. The channel capacity is calculated from the Shannon formula using the measured value of the channel transfer matrix. In each case, we select the appropriate submatrix. We first study the subsystem capacity behavior for constant transmitted power (i.e., using the channel transfer matrix ) and then for constant reference SNR (i.e., using the normalized channel transfer matrix ). We assume the total transmitted power to be the same as for the original array ( 9.2 dBm). For each subsystem it is equally divided among its transmitters. The implication that is not taken into account in this calculation is that higher transmitted power per transmitter would require new transmitter and receiver design in order to raise the saturation levels.
V. CAPACITY MEASUREMENTS FOR CONSTANT TRANSMITTED POWER
We first study the capacity dependence on distance for constant transmitted power.
A. Single Versus Hybrid Polarization Subsystems in the Hallway
We compare the single polarization 4 4 subsystems with the hybrid polarization 4 4 subsystem in the hallway environment. The results are shown in Fig. 5 .
The first observation is that layouts I and II have very similar performances for both polarizations.
By comparison of the two plots, we can observe that the horizontally polarized subsystems achieve lower capacity than their vertically polarized counterparts, as one would expect because of the lower received signal power.
The HV subsystem outperforms the single-polarization subsystems in most locations, despite the fact that averaging the received power over both polarizations gives a value lower than the dominant (vertical) polarization alone. Coupling between polarizations is due to scattering from indoor clutter and oblique incidence on the walls. Therefore, it is a process independent of the same polarization coupling (which is due to regular incidence on the floor, the ceiling, and the walls) and achieves an added degree of freedom.
B. Single Versus Hybrid Polarization Systems
We repeat the above analysis for the labs. The added parameter is the antenna orientation.
Figs. 6 and 7 compare the single versus the hybrid polarization subsystems for the laboratory environment. As a reference the curves for the capacity of the hybrid polarization subsystem in the hallway have been added. The comparison with the hallway curves shows that the power loss incurred by going into the labs has a detrimental effect on the achievable capacity compared with that at similar distances in the hallway.
By comparison of the two sets of plots, we observe that the vertically and the horizontally polarized subsystems achieve similar capacities. Both polarizations have the same average received power, as the power analysis showed.
Any advantage in using combined polarization systems is due to multipath and in particular to the fact that the two polarizations get scattered locally in independent ways. The hybrid polarization subsystem performs only slightly better than the single polarization subsystems. This is consistent with rich scattering for same polarization coupling.
Similar results are observed for all antenna orientations. The advantage of using both polarizations is more pronounced for the 270 orientation of the antennas. In that case, the receivers are looking at the door and there is a significant path coming from that direction. This makes the channel gains for samepolarization coupling more correlated and limits the channel capacity.
All these effects are similar for both geometrical layouts.
VI. CAPACITY FOR CONSTANT SNR
The above discussion incorporates the effect of both power rolloff and channel change with distance. To make the separation of the two effects obvious, we present the results for a constant SNR.
Following the analysis of Section II-D, we normalize the channel transfer matrix by the average channel gain . This defines the normalized channel transfer matrix . We then use (6) to calculate the channel capacity for a reference SNR . For our analysis the reference SNR is taken to be 20 dB ( 20 dB), which is a reasonable value for a wireless system.
The maximum capacity that a 4 4 system at an average SNR of 20 dB ( 100) can achieve is b/s/Hz under the normalization constraint that we have imposed This occurs when the normalized channel transfer matrix is unitary.
Another common point of reference is the capacity of a Gaussian channel, where the elements of the channel transfer matrix are complex independent Gaussian distributed random variables with variance one. In that case, the 50% and the 99% percentiles of the capacity distribution are b/s/Hz b/s/Hz
A. Single Versus Hybrid Polarization Systems in the Hallway
We compare the single versus the hybrid polarization 4 4 subsystems in the hallway environment for a reference SNR of 20 dB. Fig. 8 shows the results of this comparison.
Both the hybrid and the single polarization subsystems (either layout) have a similar behavior with distance. At small distances, they display high capacity: the deterministic phases from each transmitter to each receiver antenna are very different due to the different path lengths. Although the amplitudes of the channel gains are similar, the phase differences are sufficient to provide rank of the channel transfer matrix greater than one. At large distances capacity is limited (about 50% of the maximum capacity). This indicates the limiting nature of the wireless channel in the hallway.
The hybrid polarization subsystem outperforms both the horizontally and the vertically polarized subsystems. None of the subsystems reaches the maximum capacity of 27 b/s/Hz. For some range of distances ( 90 ft ), the hybrid polarization subsystem outperforms the median capacity (22 b/s/Hz) of Gaussian channels. Any of the single polarization subsystems outperforms the median capacity (22 b/s/Hz) of Gaussian channels for some range of distances. The maximum distance for which this occurs varies between 10 ft and 50 ft depending on the choice of subsystem. 
B. Single Versus Hybrid Polarization Systems in the Labs
Figs. 9 and 10 show the corresponding results for the labs. Layouts I and II behave in similar ways for both polarizations and for any antenna orientation.
The capacity in the labs for constant SNR is higher than the capacity at similar distances in the hallway, but similarly to the hallway results, the capacity for both the single and the hybrid polarization subsystems decays with distance. This can be explained as follows: at large distances the main propagation path is down the hallway and into the labs, where the signal gets scattered locally. However, the existence of a common propagation path results in high signal correlation and limits the channel capacity.
Also capacity decreases with distance more slowly for the hybrid polarization system. In particular for the 0 orientation, it stays approximately constant with distance.
None of the subsystems reaches the maximum capacity of 27 b/s/Hz (performance varies between 85% and 50% of the maximum depending on the location, the orientation, and the choice of subsystem), but again for some range of distances they outperform the median capacity of Gaussian channels.
VII. CONCLUSION
We have analyzed the behavior of a multiple element antenna system in an indoor environment based on the measurements taken in the Lucent Bells Labs building in Crawford Hill, NJ, with a system of 12 transmitters and 15 receivers. The parameters that we investigated were the distance between the transmitting and the receiving arrays, the polarization of the transmitting and receiving elements, and the propagation environment.
The analysis of the power rolloff versus distance clearly demonstrated the different power rolloff behavior in the hallway and in the labs and the different propagation characteristics of the horizontal versus the vertical electric field polarization. In the hallway, the power rolloff is better described by a distributed loss model ( ). There is little local scattering and the angular spread is limited (the LOS component is significant). Also the power of the horizontally polarized waves decays faster with distance than that of the vertically polarized fields and the cross-polarization coupling is about 15 dB. In the labs, the power rolloff behavior is described by a law and the angular spread is wider due to the rich local scattering. The two polarizations display similar rolloff behavior with distance and the cross-polarization coupling is about 0 dB. There is a loss of at least 15 dB in the labs relative to the hallway measurement at similar distances.
The analysis of the capacity behavior of the system with respect to polarization in the hallway showed that the capacity of horizontally polarized systems reflects the lower average received signal power. Hybrid polarization systems perform better than either single polarization system in terms of capacity due to the independence of the propagation paths for the two polarizations under either the constant transmitted power or the constant SNR assumption. The analysis of the capacity behavior in the labs showed that the power loss is the most important effect that reduces the channel capacity. Under the assumption of constant SNR, the phenomenon that limits the channel capacity in the labs is the existence of a common propagation path (down the hallway and into the labs) that increases the signal correlation. These observations are independent of antenna orientation, which agrees with the rich local scattering assumption.
Finally, these results hold for all array layouts that we investigated, i.e., channel capacity is robust to small changes in the geometrical layout.
The conclusion that we draw is that there lies an advantage in using both electric field polarizations. However, there are environments, where the antenna placement and/or polarization is not the limiting factor in the capacity behavior of the system, but rather the channel itself is.
